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Ferroelectric films are of considerable interest due to their potential applications in piezoelectric, pyroelectric, electro-optical, and micro-electro-mechanical devices. [1] [2] [3] One of the key requirements for the realization of these devices is a precise technique for the fabrication of structures with dimensions in the micrometer to nanometer range. Among various fabrication methods, selective wet etching is a generally used process to make patterns in single crystals such as lithium niobate ͑LN͒ and lithium tantalate ͑LT͒. This method has the merits of being simple and of not requiring any additional crystallization by annealing. There are several reports about the chemical etching behavior of ferroelectric crystals such as LN and LT, which have different etch rates depending on ferroelectric polarization direction. [4] [5] [6] [7] LN is a rhombohedral ferroelectric crystal with its domain polarization oriented to either the +c ͓0001͔ or −c ͓0001͔ direction. It is argued that slower etching reaction on the positive face of LN crystals while using HF/ HNO 3 ͑hydrofluoric nitric acid͒ is due to less absorption of positively charged protons, whereas on the negative face protons are easily absorbed and the etching reaction is faster. [4] [5] [6] PbTiO 3 is a tetragonal ferroelectric crystal having a 4mm space group. The Pb and Ti ions are displaced along the polar axis in the TiO 6 octahedron.
1 PbTiO 3 is an interesting system to study etching behavior as a function of ferroelectric polarization direction. Under a certain pressure and temperature ͑ϳ0.5 MPa and 160°C͒, PbTiO 3 film grown by the hydrothermal epitaxy method exhibited good crystal quality with a single +c-domain. 8, 9 Earlier, 9 we fabricated a single c-domain structure in heteroepitaxial PbTiO 3 by hydrothermal epitaxy at a temperature ͑=160°C͒. Herein, we report the chemical etching behavior of PbTiO 3 films in KOH solution and discuss the fabrication of nanoscale polarized inverted domains in PbTiO 3 films by scanning probe microscopy ͑SPM͒ based on the electric pulse system technique. This is valuable in probing the polarization domain distribution in PbTiO 3 film while applying a bias voltage on the film surface via a SPM cantilever tip.
Heteroepitaxial PbTiO 3 thin films with mono+c-domains of ϳ150 nm thickness were fabricated by the hydrothermal epitaxy technique on Nb-doped SrTiO 3 , which was used as both a substrate and a n-type semiconductor electrode. The synthesis temperature was 190°C. Details of the fabrication processes can be found elsewhere. 8, 9 Morphology of fabricated patterns in the as-synthesized PbTiO 3 film was observed by scanning electron microscopy ͑SEM͒ ͑Philips 3380͒ and atomic force microscopy ͑AFM͒ ͑Seiko SPA 400͒. In order to analyze the nature of nanodomain distribution and the morphology of the PbTiO 3 film surface, the samples were etched using a 6M KOH aqueous solution at an elevated temperature of 150°C in a hydrothermal vessel. We measured the thickness of the etched film using AFM line profiles. By using the image calculation program MATROX INSPECTOR, the lateral pattern area of the nonetched region was estimated. The ferroelectric domain-switching properties of the fabricated patterns in the film were observed with the ferroelectric loop measurements acquired by means of piezoelectric sensitive scanning force microscopy. 10 Piezoresponse force microscopy ͑PFM͒ was used to verify the ferroelectric polarization domain structure. Details of the measurement can be found elsewhere. 10, 11 In PbTiO 3 crystal films, etching behaviors have not yet been analyzed. Figures 1͑a͒-1͑c͒ show the schematics illustrating the flow chart of processes involved in the fabrication of selective patterning in PbTiO 3 with KOH wet etching using a SPM cantilever tip. Ferroelectric nanodomain structures with dot patterns were fabricated in PbTiO 3 film by applying an appropriate bias voltage between the conductive AFM tip and a Nb-doped SrTiO 3 substrate. In the asfabricated PbTiO 3 film, cations ͑Pb 2+ and Ti 4+ ͒ and anions ͑O 2− ͒ were shifted upward and downward, respectively, along the vertical axis. When a bias voltage is applied between the PbTiO 3 film and its substrate, these cations and anions are shifted in the opposite direction of their original orientation where there is contact of the cantilever tip. These ionic shifts create alternate positive and negative faces ͑+Z and -Z͒ with +c and −c domains, respectively, in the PbTiO 3 film. Figures 1͑d͒ and 1͑e͒ shifts are labeled in the figure. The polarized ferroelectric domains with the +Z and −Z surfaces can be used to control the etching reaction.
To make inverted domains of submicron size, dot domains were switched by using a SPM conductive tip. The bright images in Fig. 2 show ferroelectric domain array images of −Z surfaces ͑polarization directed toward substrate͒ in the −c domain. The dark images in Fig. 2 correspond to the +Z surface in the +c domain. Figure 2͑a͒ depicts the pattern of nanodomains when a voltage of −24 V and a pulse width of 100 ms were applied to the film. Figure 2͑c͒ demonstrates the pattern of nanodomains created at various voltages and pulse widths. The PFM image can be used to determine the domain size dependency on the writing voltage strength and time. This is similar to the finding that the domain size depended logarithmically on a voltage writing time and linearly on the writing voltage, as determined in a previous pioneering work. 12 Regarding the domain shape, we observed in our previous study that a fully reversed dot domain with enough time to invert domains will have a straightened c / c domain wall. Dot domains that are not fully reversed and that lack enough time to invert domains will have a parabolic domain wall.
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While etching the films using KOH solution, the +Z face was etched whereas the −Z face remained unetched as can be seen in the SEM images in Figs can be used to fabricate nanoscale surface patterns. 5, 6 Perovskite PbTiO 3 ferroelectric materials have the characteristic property of ionic displacement type polarization. Thus, our experiment shows the feasibility of fabricating patterned nanoscale surface structures on PbTiO 3 films by SPM domain engineering and a chemical etching process. Figure  3͑e͒ shows the PFM image with +15 V reverse biased writing on the fabricated patterned structure. The inset of Fig.  3͑e͒ represents the ferroelectric loop measurement at the fabricated patterned structure after wet etching ͑diamond͒ and at the film before wet etching ͑square͒. These results suggest that the fabricated structures have ferroelectric properties including domain switching, and it can be analyzed that the fabricated nanostructures are free of etch damage. Figures 3͑a͒ and 3͑b͒ show the SEM images of patterned nanodomains in the PbTiO 3 film obtained after the etching process at biasing conditions as in Figs. 2͑a͒ and 2͑c͒ . The markings 1, 2, and 3 indicate the nonetched nanodomains obtained when the biasing conditions were −24 V at 100 ns, −24 V at 100 s, and −24 V at 100 ms, respectively. The inset of Fig. 3͑b͒ shows the result of energy dispersive spectroscopy ͑EDS͒ of SEM at the fabricated nanostructure of marking 3. These chemical analyses using SEM verified that the fabricated nanostructure is stoichiometric PbTiO 3 without etch damage. The thickness of the etched film and the unetched lateral area of the pattern were estimated using SEM and AFM line profile at 4, 8, and 12 h into the etching process. In Fig. 3͑f͒ , the plots 1, 2, and 3 represent the plots of etched film thickness at various time intervals as a function of lateral domain area from the markings 1, 2, and 3 domains in Figs. 3͑a͒ and 3͑b͒. These plots can give an overall idea about the shape of the cross sectional +c / −c domain wall image during the etching process by observing the −c domain at various bias conditions of the markings 1, 2, and 3. If we sketch a line connecting the etching thickness at 4, 8, and 12 h intervals during the etching process as a function of the lateral domain area in Fig. 3͑f͒ , the plot 1 has a doubleparabolic or inverted semi-ellipsoid-shaped c / c domain wall ͑in cross-section view, the distance between the domain walls near film surface is shorter than the distance at the middle of the film͒, the plot 2 has a straight c / c domain wall ͑in cross-section view, domain walls are parallel to each other͒ and the plot 3 has a semiellipsoid shaped c / c domain wall ͑in cross-section view, domain walls are not reach to the interface of film/substrate͒. We also noted a nearly straight c / c domain wall when the biasing condition was between −24 V at 100 s and −24 V at 1 s ͑not shown here͒. It is predicted that a straight c / c domain wall is stable and can form cylindrical domains. 13 In our case, we have not observed a straight c / c domain wall when the condition was above −24 V at 1 ms. It will be interesting to investigate whether or not the domain will have a straight c / c domain wall when the bias between the film and the bottom electrode is applied. Figure 3͑g͒ shows the AFM line profiles of patterned nanodomains obtained in the PbTiO 3 after 8 h KOH wet etching at various bias conditions, as in Figs. 2͑a͒ and 2͑c͒, and the corresponding plots of etched thickness as a function of the lateral lengths of the domains.
The domain structure could be in a metastable state after removing the bias. 7 Such metastable state would likely be due to the fact that even during the etching process itself these domains would be in a metastable state. It is worth noting that we observed nanodomains with different surface morphologies in the PbTiO 3 film during chemical etching as shown in Fig. 3 . In our previous study, we reported that a curved c / c domain wall shows retention loss phenomena. It is suggested that the free energy increment due to the depolarization field energy at a curved c / c domain wall is enough to initiate the lateral movement of the curved c / c domain wall. 11 However, in our case, the dot domain with a doubleparabolic or inverted semi-ellipsoid-shaped c / c domain wall, as in the plot 1 of Fig. 3͑f͒ , did not show retention loss phenomena despite being in the etching solution for a period of 12 h. Schwarzkopf et al. 14 reported that less surface effect owing to less space charge causes long data retention. It is probable that the retention loss was restricted in our case owing to less charge retention on the PbTiO 3 etched surface in the etching solution. Further, depolarization field energy at the double-parabola shaped c / c domain wall ͓as in the plot 1 of Fig. 3͑f͔͒ in the PbTiO 3 must be small due to compensation charge in the etching solution. Further experimental and theoretical analyses to elucidate the cause for the restriction of retention loss are in progress.
In conclusion, we have investigated the chemical etching behavior of PbTiO 3 films in KOH solution by SPM. This study demonstrates the feasibility of fabricating patterned ferroelectric nanodomains on PbTiO 3 films by SPM domain engineering and a chemical etching process. Furthermore, our study shows that an analysis of the distribution and morphology of polarized ferroelectric nanodomains in PbTiO 3 is possible by exercising precise control over the applied bias voltage, pulse width, and time.
